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A surveyofvarioustypesof catapults,whichhasbeenmadein
connectionwiththeprobl&-ofacceler&ing-a large(lM,000lb)csr
alonga trackto a speedof 1X milesperhour,isgiven.A hydraulic
jetcatapultis indicatedasthebestsuitedamongthesecatapulttypes
fortheproposeintended,andvsriousdesignproblemsofthistypeare
treated.Equationssregivenforcalculatingtheperformanceofthejet
andofthetestcar,andconsiderationisgiventothephysicalconditions
affectingthejetflow.Designproceduresarepresentedforthejet
nozzleandforthebucketonthecarwhichreceivesthejetad imparts
thrustto thecar.

Theexpected
andtheeffectof.

.

.

propulsiveefficiencyofthejetcatapultisgiven
a sidewindontheJettrajectoryiscalculated.

INTRODUCTION

Invariousconnectionswithresearchsaddevelopmenttherehas
arisenthenecessityforacceleratinga largemass.alonga trackup to
a highspeed.Withregardto a particularresearchrequirement,itwas
necessaryto consideraccelerationofa 100,000-poundtestcm up to
1X milesperhourwithina shortdistance.Theserequirementsindicated
catapultmeansforprovidingtheacceleration.

A surveyofvariouscatapultmechanismsforusewiththissystem
wasmade. As a resultof thissurvey,a simplehydraulicjetcatapult
wasselectedasthemostsuitable.It isbelievedthattheremsybe
generalinterestinthepresentstudyofthevariouscatapultsandthat
otherapplicationsexistforthehydraulicjetcatapultwhichisgiven
specialconsiderationhere. Thepurposeofthispaper,then,isto
presentthesurveyandto describetheconsiderationsgiveninthedesign
of a hydraulicjetcatapultonthebasisthatitistobe usedina
systeminwhichthemaximumcarvelocityandthecarweightarespecified.

l-SupersedestherecentlydeclassifiedNACARM L51627,‘*ConsiderationsA
ona LsrgeHydraulicJetCatapult”by UpshurT. JoynerandWsLterB. Home,

* 1951●
.
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hydrauliccatapultdescribedherein’consistsofa singlehigh-
jetofwaterwhichissuesfroma stationarynozzleatthe
endofa testingtrackandisdirectedata returnbucket

mountedonthesternofthecarriageortestcar. Thisbucket(asina
Peltonwheel)turnsthejetalmost180°andthereturnjetissuesjust
belowtheincomingstream.Theforceonthebucketcausedby thislarge
rateofchangeofmomentuminthejetistheforcethatacceleratesthe
testcarup to a desiredvelocity.Theacceleratingdistance,orthe
maximumlengthof jettravel,isconsideredtobe intheneighborhood
ofkm feet.

Aftera briefsurveyofvarioustypesof catapultsinthefirst
partofthepaper,a shortanalyticalsectionwhichdealswiththe
performanceofthehydraulicjetcatapultispresented.Subsequentto
theanalysis,considerationisgiventothephysicalconditionsaffecting
thejetflow.Alsoincludedaresectionsinwhichdesignproceduresare
outlinedfortheJetnozzleandforthereturnbucketonthecar. Values
ofprobablepropulsiveefficienciesasobtainedfrommodeltestsare
givenforthejet-bucketsystem.
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SYMBOLS

nozzleelevationabovehorizontal,degrees *

totalanglethroughwhichjetisturnedbybucket,degrees .

airdensitytakenat standardconditions,slugspercubicfoot

cross-sectionalaxeaof jet,squarefeet

acceleration,feetpersecondpersecond

accelerationof carriagedueto jetreaction,feetpersecond
persecond

lateralaccelerationof jetdueto sidewind,feetpersecond
persecond

widthofbucketat startofturningsection,feet

dragcoefficientforsidedragon jetdueto crosswind

Jetdiameter,feet



NACATN 3203 .r.

Fc

g

n

P

P

P.

Q

forceon carriagedueto jetreaction,pounds

accelerationdueto gratity,32.2feetpersecondpersecond

exponentforpolytropicchsmgeinvolumetakenequalto 1.2
(p+ = Constant)

arithmeticaverageairpressureusedtoaccelerateWaterl
poundspersquareinch

instantaneousairpressureusedto acceleratewater,pounds
persquare-inch

initialpressureof compressedair,poundspersquareinch

volumeofwaterdischargedduringcatapultstroke,cubicfeet

Wc
R= wA(1- COSe)

.
Sc

SL
. t

tc.

‘ii
v~

v~

vi

VJ

U.
vp/

v

‘o

distsnceof carriage

lateraldisplacement

time,seconds

timeof carriagerun

travel,feet

of jetdueto sidewind,feet

duringcatapultstroke,seconds

durationof jetdischarge,seconds

averagejetveloci~,feetpersecond

carriagevelocity,feetpersecond

instantaneousjetvelocityat anypoint,feetpersecond

instantaneousjetvelocityof efflux,feetpersecond

instantaneousjetvelocityof effluxat tJ = 0, feet
second

velocityof crosswind,feetpersecond

volumeof compressedair,cubicfeet

initialvolumeof compressedair,cubicfeet

per
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w densityofwater,62.4poundspercubicfoot

w= weightof carriage,pounds

x,z coordinatesofnozzlesurfacecontourintableI

Y instantaneoustrajectoryheight,feet

Subscript:

Max maximumvslue

SURVEYOFCATAPULTTYPES

Presentedinthissectionisa surveyofvarious~es ofcatapults
whichmightbe suitableforacceleratinga 100,000-~oundtestcarupto
a translationalspeedof150milesperhour.Becauseoftheadverse
effectoflargeaccelerationonthemeasuringinstrumentswhichwouldbe
used,thepeakaccelerationisconsideredtobe Mmitedto aboutjg.
Inorderto illustratethemsgnitudeoftheforceinvolvedduringaccel-
eration,anaverageaccelerationof 2g,whichwouldindicatea cataulting
forceof200,000pounds,maybe taken.Onm-energybasis,75x 1$ foot-
poundsofener~mustbe deliveredtothecarby thecatapult.This R
catapultcapacitywasfoundto exceedbymanytimesthecapacityofthe
largestcatapultsdevelopeduptothistimeanditfollowsthatan
adequatecatapulthadtobe designedor developedforthecaseunder *

consideration.A considerableamountofefforthas,therefore,been
spentinpreliminaryengineeringstudiesandcostestimatesofthe
variouscatapultsystems.An adjectivecomparisonbetweeninitialcosts
andoperatingcostsof thevarioustypesof catapultsconsideredis
giveninthefollowingtableanda morecompIetediscussionofthe
catapulttypesfollowsthetable:

.

.
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1

2

3

4

5

6

7

0

9

LO

L1

L2
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T~e of
catapult

lropping
weight

Fl~heel

Blowgun

Slotted
tube

Piston

Rocket

Rocket

Hydraulic
(jet)

Rocket

Rocket

Kydraulic
(jet)

Electropuli

Motivation

~roppingweight(cable
sndsheavesystem)

‘Qwheel(clutch,cable,
andsheavesysta)

row-pressure,large-area.
piston(expansionof
powderor compressed
air)

.----------do------------

high-pressure,small-
sreapiston(hydraulic
andcompressedair,
compressedairor
powderactuated)

?eactiontype,solidfuel
propellant(addsextra
weightto carriage)

leactiontype,liquid
fuelpropellant(adds
extraweightto carriag(

?eactiontype,watersnd
compressedair(added
carriageweight
prohibitive)

@ulse type,solidfuel
propellant

inpulsetype,liquid
fuelpropellant

lupulsetype,waterand
compressedair

3quirrel-cageelectric
motorlaidoutflat

Initialcosts
developmentsnd
construction)

Veryhigh

High

High

High

High

IIOW

Medium

Medium

High

Low

Veryhigh

Operating
costs

Low

ligh(with
powder)
Jwriwith

Ii@ (with
powder)
~~r\with

ligh(with
powder)
hw (with
compressed
air)

Veryhigh

Medium

Low

Veryhigh

Medium

Low

Low
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Themoreconventionalcatapultingsystem(forexample,numbers1,
5,and6) arediscardedbecauseofeitherhighinitialcostsorhigh
operatingcosts,orboth. Navyexperiencewithsheaveandcablesystems .
indicatesthattherequirementsstatedpreviouslyarebeyondtheprobable -
limitsforsatisfactoryoperationof suchsystems;thus,becauseofthis
considerationandofhighinitialcosts,thedro~ingweight,thefly-
wheel,andthepistontypeof catapultsarediscarded.

Theblowgunandslotted-tubetypesof catapults(numbers3 and4,
respectively)utilizingcompressedairshowedsomepromise.Theblowgun
deviceemploysa largetribewiththecaritselfactingasthepiston.
Itthereforehastheseriousdisadvantageoflimitingto anextreme
degreetheform,size,andheightof dropofthetestspecimen,since
nothingmayprojectbeyondthesmoothcaroutline.Intheslotted-tube
catapultthetestspecimenis externalandisconnectedto a pistonin
a slottedcylinderandthereforehastheadvemtagethatthecarandtest
specimenarenotlimitedasto dimensions.Boththeblowgunandslotted-
tubecatapults,however,requireexpensivedevelopmentandhavea high
initialcost.

A studyof reactiontypeof catapultingsystemsdisclosesthatno
catapultor stored-energysystemcanbe carriedeconomicallyonthe
carriageitself.Ifthesourceof ener~ i.scarriedonthecarriage,
themassthatmustbe propelledisincreasedby theweightofthe
propulsionsystem.Sincethe100,000-poundvalueforcarriageweight
includesbarestructuralweightandmodelweight,useofa systemsuch
asdescribedmeansthattheenergyofthecatapultsystemmustbe
increasedto compensatefortheaddedweight.Becauseoftheadded
weightandthehighoperatingcosts,allthereactiontypesofcatapults
(numbers6, 7, and8) arenotconsideredfeasible.

..

.

hptisejetsystemsemployinganyofthegasesasthefluidmedium
(nmibers9 and10)areof suchlowefficiencythattheycannotbe used
economically.

Ofthesystemsconsidered,theonesystemfoundthatgivesthe
requiredcapacityatlowinitialcostandlowoperatingcostisthe
hydraulicimpulsesystem,nuder 11. Onearrangementofthissystem
isshowninfigure1.

Thehydraulicimpulsecatapultshownoperatesonthesme principle
astheimpulseturbine,exceptthata singlebucketisusedwithstraight
runincontrasttotheusualmultibucketarrangementwitha circularrun.
Inthesystemshown,airiscompressedintoanairtankwhichisconnected
throughanaircontrolvalvetothetankcontainingtheworkingchargeof
water.Thewatertankhasa nozzledirectedatthejet-returnbucket
whichIsmountedatthesternofthecarriage.Pressureismaintained ●

.
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onlyintheairtankuntilimmediatelybeforethecatapultingrun,at
whichtimetheaircontrolvalveis opened.Thewatercontrolvalve
outsidethenozzleisthenopenedandtheresultantjetdrivesthe
carriagedownthetrack.Thelowerrelativecostofthissystemis due
largelytothelackofa complexmechanicalconnectionto thetest
vehicleduringthecatapultingstroke.Withthissystem,thecostof
electricalpumpingpowerandwatermake-uppermaximumcapacityrun
becomesa veryminorpartofthetotaloperatingcosts.Thesystemis
describedhereinandtheimportantengineeringaspectsarediscussed.

MATEEMATICl!LDEVIZU)PMENT

Inthissection,equationsaredevelopedforthejetflow,whichis
assumedtobe ideal,andforthemotionofthecarriagewhichiscata-
pultedby thejet. Becausetheavailabletreatmentof jet-bucket
relationsisco~cernedwiththehpulseofa Jetona successionof
bucketson a wheelmovingatconstantspeedandthistreatmentisnot
applicableto thepresentproblem,an analysisismadewhichusesas
muchofthewell-knowntreatmentas isusefulandmakesmodifications
asrequired.Figure2 illustratestheconfigurationbeinganalyzed.

Theequationforthevelocityof effluxofthewaterjetfromthe
nozzleas a functionoftimecanbe developedby recognizingthatthe
volumeofwaterdischargedinanygiventimeisequaltotheincreasein
air-chsrge~d~ej also,useismadeoftheequationforpolytropic
expansionofairto determinethevariationofairpressurewithtime
andtheequationforvelocityof effluxto convertthevsriationof air
pressurewithtimeintothevariationof jetvelocitywiththe. These
tworelationsintheirfsmiliarformsaregivenbythefollowingtwo
equations:

p+ = Constsllt= n
Povo (1)

(2)

where povo inequation(1)representsinitialconditionsmd equation(2)
appliesfor p inpoundspersquareinchand w inpoundspercubic
foot. .
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By useofequations(1)and(2),anexpressioncanbe obtained
whichgivestheinstantaneousjetvelocityof effluxintermsofthe
initialconditionsandtheinstantaneousvolume

Since
thevolume
musthold:

oftheaircharge:

(3)VJ .v2g,144povon~n

theair-chargevolwneisequaltotherateof increaseof
rateofwaterdischarge

whereA isthejetarea.

By combiningequations
chargevolumeisobtainedin
andtheinitialconditions:

dv
E

bythejet,thefollowingequation

= VJA (4)

[3)and(4),therateofchangeofair-terms

dv
==

oftheinstantaneousair-chargevolume

c~v-n/2 (5)

i

14.4povonwherec1=A 2g—.
w

Integrationof-equation(5)yieldsanexpressionfortheinstsmtan-
eousati-=hargevola- v asa fimctionoftime. Stisti,tutionofthis,
expressioninequation(3) givesthefollowingequationforinstantaneous
Jetvelocityintermsoftimeof jetflow tj andtheinitialconditions:

= Vjo(1 +c’#j) -n/(n+2)
‘J

(6)

where C2 =
(~+ l)V~oA,

ThisequationforinstantaneousJetvelocity
V.

isusedinthefollowingdevelopmentoftheequationsofmotionforthe
catapultedmass.

Theequationofmotionforthecatapultedmassisdevelopedin
accordwithNewton’ssecondlaw;thatis,theforceexertedonthe
catapultedmassby thewaterjetis.equaltotheproductofthecatapulted
massanditsacceleration.
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Thevelocity
bucketis denoted

thetime t~ = t=

timeoftravelof

9...

ofthewaterstresmattheinstantof tipactuponthe
by Vi andisthessmeasthejetvelocityVJ,at
s=, wherethisexpressiontakesintoaccountthe

-~
thestresmfromthenozzleto thebucket.Thewater

streamthusentersthebucketwitha relativevelocityVI - Vc and,
ifit isturnedthroughanangle 8 andisassumedto leavethebucket
withthessmerelativevelocity(noenergyloss),thecatapultingforce
exertedonthecatapultedmassisgivenby theequation

Fc =;A(Vi - VC)2(1- COSe) (7)

Equati~theforcefromequation(7)tothe
accelerationgivestheequationofmotion,which
followingform:

dVc
— = *(VI - VC)2dt

productofmassand
maybe writteninthe

(8)

w=
where R ‘WA(l - cos6) “ Theequationofmotiongivenbyequation(8)

hasbeenintegratednumericallyfortwosetsof conditio~jthesecon-
ditions=d theresultsareshownaspsrtof figure3.

In ordertomakea rapidsurveyoftheeffectofvariousparameters
oncatapultperformance,an approdmatesolutionto equation(8)can
convenientlybe madeonthebasisthattheimpactvelocityVi is
consideredconstantat a valuecorrespondingtotheaveragewatertank
pressure.Thisaveragejetvelocityis denotedbyVl,andequation(8)
canthenbe writtenasfollows:

ac = * (V1 - VC)2 (9)

Equation(9) can’beexactlyintegratedto givethefollowingapprox-te
equationsofmotion:

V12
VC=R (lo)

—+V1t~
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= v~tc Vltc+ R
*c - R loge ~ (11)

Calculations,usingequations(10)and(11),forthesameconditions
whichwereusedinthenumericalintegrationof equation(8)areshown
alsoinfigure3 forcomparisonwiththecorrectintegratedvalues.For
conditionswheretheinitial.airvolumeis14-9ttiesaslargeasthe
watervolumedischarged,theapproximateequationsgiveresultswhich
arealmostIndistinguishablefromthecorrectlyintegratedresults.For
thelowerratioof initialairvolumetowaterdischsrgevolume,
‘o— = 2.7,however,a slightdifferenceresultsfromtheexactsadtheQ
approximateequations.

Theresultsshowninfigure3 indicatethattheapproxhnate
equationswillgiveanaccuracywhichshouldbe sufficientformost
applicationswhentheratioof initialairvolumetowatervolume
dischargedis intheneighborhoodof3 ormore.

Ontheassumptionthattheapproximateequationsofmotionare
sufficientlyaccurateforpracticaluse,approximateequationsare
developedhereinfortheotherparametersofinterest,suchasthemaxi-
mumheightoftheJettrajectoryandthequantityofwaterdischarged.

.

If itisassumedthatthejetemergesfromthenozzlewitha
velocitygivenby equation(2)forconstantaveragepressureandthat
thejetleavesthenozzleatan angularelevationa abovethehorizontal
andfollowsa parabolicpath,thentheequationsfora bodyfalling
freelycanbeusedto obtainthefollowingequationrelatingairtank
pressure,maximumriseofthejettrajectory,andrange,whichisassumed
equaltothecatapultingdistance:

(12)

Thejetisassumedtohavereturnedto itsinitialelevationattheend
ofthecatapultingdistance.

Fora veryflattrajectoryandhigh-pressure,whichwouldprobably
be usedinjet-catapultapplications,the -1 undertheradicalin
equation(12)msybe neglectedforeaseinsubsequentcalculations,and
theequationcanbe rewrittento givethefollowingequationformeximum
trajectoryheight:

Sc%
Y- ‘ (~6)(~4@) (23)

.

.

.
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Thevolume
latedsimplyas
sectionalarea,

n

ofwaterdischargedduringa catayultstrokeiscalcu-
theproductofthemeanjetvelocity,thenozzlecross-
andthetimeof durationofthedischarge.Thecatapulted

massis initiailyverycloseto thejetnozzleandisconsideredto start
movingatthesameinstantthat”thejetemergesfromthenozzle.Thejet
controlvalveisclosedat suchtimethatthetailofthejetwillreach
theendofthecatapultstrokeatthesametimeasthecsrriage(see
fig.2]. Thetimeof durationofthejetdischargeis,therefore,less
thanthetimeofcarrisgerunby anamountequalto thetimerequired
forthetailof theJetto travelfromthenozzleto theendofthe
catapultstroke.Basedontheforegoingdiscussion,theequationfor
volumeofwaterdischargedcanbe statedas follows:

Q‘ “’Akc-3 (14)

In
“l and

orderto obtainthevalueof Q in.termsof averagejetvelocity
therequiredterminalcarriagevelocityVc~.thefo~~~~ equa-

tionsfor tc ad Sc areobtainedfromequations(10)and(11):

Rvc
-kc= “1(”1-Vc)

( “c
Sc =R “1

- 10ge“1 - v=v~ -“c )

(15)

(16)

Thesetwoequations,whensubstitutedinequation(14), give

(17)

Inorderto displsytheinterdependenceoftheseveral.variables
affectingtheperformanceofthehydraulicjetcatapult,figure4 has
beenpreparedfora catapultwhichwillaccelerate“a100,000-poundtest
carriageto 150milesperhour. A similarfigurewouldbe requiredfor
eachdifferentsetof catapultrequirementsconsidered,buttheprepara-
tionisnotarduous.Theequationsusedinthepreparationofthis
figureareequation(2)forjetvelocity,usingaverageairtank
pressureP, equation(9)forinitialcarriageaccelerationbysetting
“c = O, equation(16)forcatapultstrokeandjetarea,equation(17)
forthevolumeofwaterdischargedduringthecatapultstroke,and
equation(13)forthemaximumheightofthejettrajectory.
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Theusefulnessofa chartsuchas showninfigure4 ismainlyin
thepreliminaryplanningstage.Everypointonthechartrepresentsa
theoreticalhydrauliccatapultsystemwhichwillmeetthedesignrequire-

9-—

mentofacceleratingthegivenmasstotherequiredspeed.Thevariation
of suchquantitiesasrequiredairtankpressure,catapultstroke,initial
acceleration,maximumheightoftrajectory,volumeofwaterdischarged,
andjetareacanbe determinedfromthefigure,andundesirablevalues
ofanyofthesequantitiescanbe avoided.Aftera satisfactorysetof
conditionsisreachedforthespecificdesignunderconsideration,
detailedcorrectionforlossesandoperatingconditionscanbe considered
inorderto esthnatetheperformancetohe expectedfroma working
installation.

As shownsubsequently,sometestsindicatethattheaverageenergy
lossesintheoperationofthejetandbucketmaybe heldto about
15percent.Theselossesareconsideredtobe compensatedinthedesign
describedhereinbydividingthenozzleareadeterminedfromfigure4
by thejet-bucketefficiency.If itisassumedthattheselosseshave
beencompensated,allothervaluesreadfromthechartmaybe used
directlyfordesignpurposes.Otherlosses,suchascarriagerolling
frictionandcarriagewindresistance,alsoaffectthedesignofthe
propulsionsystem.Forthedesignconsidered,theselosseswerefound
tobe oftheorderof 2 percentofthejetenergyandareconsidered
smallenoughtobe neglectedinthemathematicaltreatment.

As anaidtovisualizationofthetremendouspowerwhichcouldbe
developedby a hydraulicjetcatapultsuchashasbeendescribed,
performancecurvesarepresentedinfigure5 fortheparticularcatapult
representedby thedesignpointindicatedinfigure4. Thenozzlearea
shownisfor100-percentefficiency.,Correctionofthisareafor
practicalefficiencieshasbeendescribed.Itcanbe seenfrom
performancecurvesthatthiscatapultisexpectedto accelerate
carweighing100,000poundsfromrestupto 150milesperhour
(220ft/see)intheshorttimeof 3.2secondsandin a distance
only400feet.

these
a test

of

Thereareseveralotherquantitieswhichwillbe requiredina
completedesignaftera suitablecatapultdesignisselectedfromthe
chart,suchastherequiredangularelevationofthenozzle,theheight
of impactofthejetonthebucketthroughoutthecatapultstroke,and
thelateraldri,ftofthejetdueto a sidewind.

Theangularelevationofthenozzlerequiredto.makethejetreturn
to itsinitialelevationabovetheleveltrackattheendofthecatapult
strokeisdeterminedfromthecotiinationofthemaximumrequiredcatapult
strokeandthejetvelocityofthetailofthejetas follows:Fromthe
velocity-therelationof a bodyfallingfreely,thetimerequiredfor

.

.
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thejetto reachitsmaximumheightmaybe deducedandisgivenby

t
Vj Sins=

~

Thetotalhorizontaldistancetraveledbythe
itsinitialelevationis,then,

scm= = 2tvj CosCIJ

jetbeforereturningto

Eliminationof t betweenthesetwoequationsgives

Bcg
sin2a=— (18)

vj*

Theactualheightofthepointof jetimpactonthebucketisof aid
whencomputationsaremadeoftheover-turningmomentsimposedonthe
csrriageby thejet. Thecalculationofthisquantityforthecasewith
a variablejetvelocityisgivenherebecausetheheightofthepoint
of impactforthiscasemayat certainplacesbe slightlygreaterthan
thevaluegivenbytheparabolicapproximation.Sincetheapproximate
equation(U) givesthecarriagedisplacement-timecurvesverycloseto
thetruevalues(seef=. 3),thisequationisusedto calculatethe
carriagedisplacement.Thejetleavesthenozzlealonga straightline
withan angulsrelevationa andfsllsaw~ fromthislineas a freely
fallingbody. Thetimerequiredforthestreamtotravelfromthenozzle
to the carriagewouldbe se/V.

4
Withthisknowledge,theheightofthe

pointof impactofthejeton he carriagebucketcanbe calculatedfrom
~hefollow~ equation:

u2
&t2=scsfna-~~Y = Sc StUffi- 2 j

Equation(19)canbe solvedas follows:A valueof
andfromequation(U) thecorrespondingvalueof tc is
valuesarethenusedto establishcorrespondingvaluesof
bymeansofthefollowingrelation

(19)

Sc ischosen,
fomd. These
tj d VJ

tc = tj+%

‘J
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where,inthiscase,theinterpretationtobe
isthesumofthethe of jeteffluxt~ and
particlesofwaterleavingthenozzleatthis

NACATN 3203

placedon t= isthatit
thetimerequiredfor
timeto travelthe

distanceSc. Thisrelation,usedin conjunctionwithequation(6),
establishesthevalueof Vj. Thisvalueof Vj,whenusedwiththe
chosenvalueof SC)permitstheheightofthepointof impacttobe
calculatedby meansofequation(19).Thiscalculationisrepeatedfor
othervaluesof Sc to covertheentirecatapultingstroke.

Thelateraldriftofthejetdueto sidewindsmaybecomea serious
considerationfora long-strokecatapultbecauseoftheincreasedsize
ofthebucketrequiredto receivethejet. Thelateraldriftmaybe
calculatedby equatingthesideforceduetowindonunitlengthof jet
totheproductofmassofunitlengthandlateralacceleration.The
plausibleassumptionismadethatthelateralvelocityof driftis
negligibleincomparisonwithside-windVelocityj thereforethelateral
accelerationmeybe regardedconstant.Thelateral-driftequationmay
be writtenas follows:

Force= MassX Acceleration

or

Solutionfor aL anduseoftheequationforuniformlyaccelerated

motion,s = ~ at2,“givestheEUIIOUntOf sidedrift 8L as

(20)

InthisequationthedragcoefficientCD dependsprimari2yonReynolds
“number.Fora Reynoldsnumberrangeof 10,000to 300,000,thecoefficient
CD isalmostconstamtat 1.2andthereforeequation(20)reducesto

(21)

.

.
—

.-

l!hi.sequationshouldbe satisfactoryforpracticalrangesof Jetdimeter
andside-windvelocities.
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PHYSICALCONDITIONSAFFECTINGJETFIOW

Themathematicaltreatmentofthecatapultsystemisbasedonthe
assumptionof idealjetflow,which,morespecifically,meansa jetthat
canmaintainitsshapeor integrityoverthecompleterangeoftravel
fromthenozzle.Thedesignoftheparticularcatapultsystemunder
considerationrequiresthatthejetbe collectedandreturnedby the
bucketfora rangeof atleasth feet. Ithasbeenfoundthatthe
physicalconditionsaffectingjetflow,suchas entranceconditionsto
thenozzle,nozzleform,nozzlesurface,andaerodynamiceffectsdown-
streamfromthenozzle,createappreciabledisturbancestothejetand
thequestionarosewhetheritwouldbe possibleto obtaina @O-foot
Jetlengthofacceptableintegrity.Thepurposeofthissection,there-
fore,isto delineatethesevariousphysicalconditionsandto showhow
theireffectsonthejetcanbenullifiedor,atleast,minimized.

Informationanddataonlong-rangejetswerefoundtobe veryscarce
withtheexceptionofmaterialonthejetsproducedby firenozzles.It
wasdecided,therefore,becauseoftheavailabilityof firenozzlesand
of dataon jetsproducedby firenozzles,to initiatetheinvestigation
of jetflowby studyingtheeffecton fire-nozzlejetswhenthese
previouslymentionedphysicalconditionswereimproved.Forexsmple,
bendingthehoseupstreamfromthenozzlewasfoundto decreasecon-
siderablythemount of jetlengthhavingreasonableintegrity.For
anotherexsmple,cleaningandpolishingtheinsidesurfaceof a fire
nozzlewasfoundto increasetherangeofgoodflow.Thus,by these
andothersimilartestsa straightsymmetricalapproachtothenozzle
anda smooth,polished,andfairedinternal.nozzlesurface,alongwith
a smoothjointconnectingthehoseorplaypipetothenozzle,were
foundtobe essentialformaintainingthebestlong-rangeintegrityof
a fire-nozzlejet.

Onthebasisoftheseresults,a nozzleof 3-inchdismeterwas
designedandtested.Theprofilechosenforthisoriginaltestnozzle
wasbasedon considerationsof accelerationofthewater,minimum
boundarylayer,andpsrallelflowatthenozzleexit.F@re 6(a)showsa
photographof a jetproducedby thisnozzle.Thehprovementinjet
integritybecauseofbetterentranceconditionsandnozzXedesignis
apparentwhenfigure6(a)iscomparedwithfigure7,a photographofa jet
producedby the5-inchnozzleaboarda NewYorkCityfireboat.The
fire-nozzlejetis seento divergeimmediatelyuponleavingthenozzle
intotwoseparatestresmswhereasthejetinfigure6(a)ispractically
nondivergentthroughoutitslength.A studyofhigh-speedmotion
picturesofthessmeJetas infigure6 disclosedthatvisualobservation
oftheestablishedstresmsmdstillphotographs(suchasfig.6)givea
pessimistichpressionas compsredwiththestreamduringthefirstfew
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secondsofoperationbecauseJetsprqyaccumulateswithtimeandthere-
foreobscuresthesharperstresmboundariesthatwouldotherwiseappear.
Thesprayshowninfigure6(b)hasaccumulatedduringanoperating
periodofabout8 seconds,whereasthetimeofoperationofthecata-

pultconsideredhereinis approxtiatelyonly2* seconds.Wher

evidencethata relativelysolidcoreexistsinthemidstofthisspray
isindicatedby thefactthat,ata distanceof 300feetfromihenozzl~
thejetcutsa narrowtrenchonly6 or8 incheswideintheturf.

.

*

Smallernozzlessimilarto this3-inch-dismeternozzleweretested
stillfurtherinorderto determinetheefficiencyofthejetasa
functionof distancefromthenozzleby recordingtheloadsimposedby
thejetona flatplatebymeansof a smallstrain-gagetypeof dyna-
mometerandcomparingtheseloadswiththetheoreticaljetimpactforces.
Theresultsofthesetestsareshowninfigure8. Theseresfitsindicate
thatallJetlossesforthesesmalljets,includingshocklossescaused
by theimpingementofa Jetona flatplate,averagedlessthan5 per-
centfora distanceupto about125jetdiameters,equivalentto about
one-fifththescalecatapultingstroke,andwerenegligibleforthe
greaterdistancestested.

Thepurposeoftheprecedingtestshasbeentohelpdetermine
whetheritispossibleto throwa jet400feet.withsufficientintegrity
tobe caughtandreturnedby a bucketatthatpoint,butthesetestswere .
performedonlywithequipmentutilizingsmall-scalesizesandsmall-scale
pressures.Theresultsgainedfromthesetestsarepromising;however,
thereremainsthequestionofwhethertheserestitswillstillbe valid .
whenscaledupto full-size.Theconibinationof jetsizeandnozzle
pressurerequiredby thepropulsionsystemisbeyondcurrentengineering
practiceas farascanbe determined,butthereisnoapparentchange
inthephysicalconditionsupongoingto largerandhigher-velocityjets.
‘I’lierelativespraylossesofa jetdueto airfrictionontheoutermost
surfaceofthejetdecreaserapidlyasthejetdiameterincreases.In
reference1, dataaregivenonhowfara “good”streamcanbe thrownby

a firenozzle.Thesedataareshowninfigure9 andindicatethata
goodstreamcanbe thrown270feetin stillairwitha firenozzle
2 inchesindismeteroperatingat250poundspersquareinch.This
figurealsoindicatesthattheobtainablehorizontalthroworreachof
thegoodstreamincreaseswithbothnozzlepressureandnozzlediameter.
It seemsprobable,therefore,thata largernozzleandhigherpressure
combinationmaybe usedto obtaina satisfactoryjetwitha lengthof
400feet.

Inadditionto theprecedingconsiderations,otherfactors,suchas
airentrainment,dissolvedair,andcavitation,mayinfluencejetflow;
properprecautionarymeasuresshouldthereforebe takentoguardagainst
adverseeffectsthatthesefactorsmaycause.
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Inregardto airentrainmentreference2 statesthattheeddies
whichwhirloutofthemainstreamareimmediatelyretardedanddis-
integratedby theresistanceoftheair. Furthermore,voidscausedby
separationofwater@articlesarefiediate%ff~ed withafi” A Poor
Jetshowsremarkablequalitiesto setinmotionandcarryalonglarge
quantitiesof air. Thesestatements”indicatethatan initiallypoor
jetcontainstheseedsof itsowndestructionby airentrainment.The
nozzlemustthereforebe sodesignedthatJetdivergenceandjetrotation
sreas smallaspossible.Sucha nozzleis describedinthesection
entitled“NozzleDesign.”

Theamountof dissolvedairinwateris showninreferences3 andk
tobe a functionoftheairpressureonthewaterad thelengthoftime
thewaterisexposedtotheair. Thedissolved-airproblembecomes
importantasto itseffecton jettitegritywhenthepressureishigh
andtheexposuretimelongenoughtoproducenearlysaturatedconditions.
Ifthiswater,whichis saturatedwithairathighpressure,isallowed
to flowfromthenozzleasa freejetatatmosphericstaticpressure,
thejetbecomesextremelyturbulentowingto theescapeof airfromthe
streamboundaries.

Fromreference3,thefollowingequationisgivenfortheirdthl.
rateof abso?@ionof airinwater:

where

% liquidfi3mcoefficient(0.6%to 2.35ft/hr)

CE saturationathighpressure,poundspercubicfoot

c saturationat atmosphericpressure(0.0015lb/cuf%)

s interfacearea,squarefeet

t time,hours

m weightofgas,pounds

SinceCH variesalmostdirectlywiththepressureP, thisequation
maybe written
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where

P pressureonair

‘atm atmosphericpressure

Fromthisequationitcanbe seenthatthetimeof exposureofthewater
totheairandalsotheinterfaceareashouldbe heldto a min5mmn.For
a shortperiodof exposuretheairdissolvedwouldprobablybe unimpor-
tant. Forlongexposuretime,however,thedissolvedairis hportaat
and,ifa longexposurecannotbe avoided,suitablemeckical meansof
separatingtheairfromthewater,suchasa diaphragm,mustbe used.

If sharpedgesortooabruptchangesofcurvatureoccurina nozzle,
theresultingIowpressurecancausecavitation,andthatwouldbe very
detrimentalto jetintegrity.Thenozzleshapesdescribedinthenefi
sectionhavebeendesignedsothatconditionsfavorableto cavitation
donotoccur.

NOZZLEDESIGN

Thepurposeofthissectionisto describethedesignof a nozzle
whichwilldelivera nondivergentjetwithuniformcross-sectional
velocity.Inreference5,calculationoftherequirednozzleshapeis
madeby meansoftheexactanalogybetweenthepotentialfluidflow
desiredandthemagneticfieldthatiscreatedby twocoaxialand
parallelcoilscarryingelectricalcurrent.Theelectromagneticsolution
isappliedto fluidpotentialflowandoneofthestreamsurfacesis
chosenasa flowboundary.A familyofthesecontractingpassagesis
developed(seefig.10},andsurfacesa toh givecross-sectionaltbroett-
speeddistributions,boundarylayerbeingneglected,thatareuniform
theoreticallywithinone-fifthof 1 percent.Thedistributionsbecome
lessuniformfortheoutercones,butvariationsfromuniformityare
stilllessthan1 percentevenfortheoutemst one. Essentially,the
samethroatuniformitieswilloccurinthecaseofrealfluidflowas
inpotential.flow,provided-theupstreaflowisuniformandtheboundary
layerismaintainedverythin. Theboundary-layerthicknessisexpected
tobe lessthan0.004inchfora nozzlewitha 7-inchthroatdiameter.
As anaidinthedesignofa nozzle,figure10andtableI arepresented,
thedataofwhicharetakenfromreference5.

Althoughnomeasurementsofnozzleefficiencyweremadeonthe
potential-flownozzle,dynamometertestsofnozzlesoftheoriginaltest
shapeindicatethatthecoefficientof dischargeof suchnozzlesapproaches
1.0.Itseemsreasonableto expectthatthepotential-flownozzlewill .
giveasgoodresults.

.
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Theinflowrequirementsarefairlysimplebutveryimportant.The
flowapproachingtheentrancetothenozzleshouldbe parallel,should
be ofuniformvelocity,andshouldhavea minimumofturbulence.ArIY
appreciablerqtationaboutthejetcenterlineintheapproachflow
wouldbe disastrous.Becauseoftheconservationof @w momentum,
anyrotationalvelocityintheapproachflowwouldbe greatlymagnified
inthenozzle,withtheresultthatthejetwouldtendto expandowing
to centrifugalforceas soonas it isclearofthenozzle;esrlyjet
disintegrationwouldthenoccur.A fairedtransitionsectionfor
connectingthenozzleto thestraightapproachsectionshouldgive
satisfactoryflow.

Cavitationinthepotential-flownozzleisnotexpectedsincethe
operatingpressurerage lieswellabovethevaporpressureofwater,
andtheuseof a smoothpolishedfinishofthenozzlewaterswface
shouldpreventlocslpressuredropsdueto a discontinuityof surface.

Reference6 statesthatstainlesssteelofthe18-8chrome-nickel
type,usedeitherasa forgingor asa layerweldupona mild-steel
base,isbestforoperationundersevereconditions.Theworkinglife
ofnozzlesusingthismetalhM exceeded2 yesrsof continuousoperation.
Thismetal,ifusedinthecatapulting-systemnozzle,shouldhavea
workinglifemuchgreaterthan2 yearsbecauseof theintermittentusage
ofthesystem.

BUXET DESIGN

Theenergyofthestresmistransmittedto thecsrriageby the
catchingandturningofthewaterofthejetin a bucketattachedto the
resrofthecarriage.It isknownthatma~ thrustefficiencyis
achievedby a bucketthatcanturnthejetthroughalmost1800and
therebyobtainmaxtiumcarriagethrust.Thebucketmustbe sodesigned
thatitcanreturnthisjetefficientlythroughoutthemaximumcatapulting
rangeof 400feet. Overthislargerange,however,significantvertical
andlateraldisplacementstothejetcanoccuxbecauseoftheeffectsof
gravityandof sidewinds.Theseeffectsofgravi~andof sidewinds
ona long-rangejetmadeit hpossibleto adopt,withoutinvestigation,
theinformationavailableregardingimpulse-turbinebucketdesign,the
onlyothersystemutilizingpowerderivedfroma jet-bucketconfiguration.
Thetipulseturbineisessentiallya completelyhousedmultiple-bucket
short-rangejetsysteminwhichthepointofcontactis quiteprecisely
controlled.

A summationoftheseconsiderationsindicatesthatwhatisneeded
fora bucketisa concentratingdevice,suchas a cone,thatcancollect
thedeviatedandexpandedjetanddeliveritto a turningsectionwhere
thecollectedjetisturnedthrough1800formaximumenergytransfer.
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A testpro~a wasarrangedtherefore,whereinvarioussmall-scalebucket
shapesweretestedwithregardtopropulsiveefficiencyoverscalejet

—
.

rangesby recordingthebucketloadsintroducedona smallstrain-gage
typeof dynamometerandcomparingtheseresultswiththetheoretical
jet-impactforces.Sketchesanddimensionsofthebucketsinvestigated

—

areshowninfigureU. Jetshavingdiametersatthenozzleof1/2inch
and1/4inchwereusedintestingthesebuckets.Figure12 showsthe
propulsiveefficiencyofthesebucketsplottedagainstjetlengthfor ,
thetwonozzlesizes.A studyoftheinformationon impulse-turbine
buckets(references6 to8) inconjunctionwiththesetestsindicates
thattherearethreefmportantbucketdesignparameters,namely,the
ratioofbucketwidthto jetdiameterb/d,theamgleof approachof
thejettothebucketsurface,andtheconditionofthewettedbucket
surface.Theseparametersareveryimportantasregardstheefficiency
ofanybucket.Theratiob/d isespeciallyimportantinbucketdesign
becauseof itslsrgeeffectonbucketpropulsiveefficiency.~pulse-
turbinebucketdesignindicatesthattheskinfrictiondevelopedby a
bucketanditscorrespondingener~ lossisa functionofthisratio.
Toolargea ratioresultsinexcessivelossesthroughskinfriction
whereastoosmalla ratioresultsinanoverflowingbucketwithits
correspondingloss.Figure13 showstheincreaseinbucketefficiency
gainedby decreasingthisratiofrom12to 6. Thisratiowasdecreased
by increasingtheJetdismeterfroml/4inchto1/2inch.Theefficiency
gainwasoftheorderof9 percent.

Thea@proachangleofthejettotheimpactsurfacewasfoundalso
tohaveanimportanteffectonbucketpropulsiveefficiency.Pelton,
inhisdevelopmentofthePeltonwheel(reference8],foundthatthe
impingementofa jetontheedgeofhiscuppedbucket,ratherthanin
thecenterofthebucket,increasedtheefficiencyconsiderably.This
efficiencygainwasduetothejethittingthebucketwherethejet
pathandthebucketsurfacewerenearlyparallel.Fromthispoint,
thejet,followingthebucketcontour,wasledgradudlyintoa 170°
reversalratherthanreversingabruptlyaswasthecasewitha direct
centraljettipactonthebucket.Thebestpossiblejetentranceis
tangentialto thebucketbutithasbeenfoundthatdeviationsfrom
thistangentialentrancecanbetoleratedup to cloutl~”becauseof
therelativelysmallenergylossesinvolved.

Theconditionofthewettedbucketsurfaceisan importantconsid-
erationalso.Theidealbucketsurzaceisonethatisas smoothand
highlypolishedas isfeasible.Sucha surfacereducestheerosive
actionofhigh-velocityjets,eliminatestheturbulenceandpossible
localshockeffectsresultingfroma discontinuityof surface,and
reducestheskinfrictiondevelopedby thebucket.

.
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So faronlythedesignconditionsapplicableto anytypeof ~et-
bucketsystemhavebeendescribed.Themagnitudeoftheverticaland
lateraldeviationsgivena long-rangejetby theactionofgravityand
of sidewindsmustbe determinedbeforeanydesignforthecatapuJ.t-
systembucketcanbe reached.The”vertical.deviatioriisa functionof
thejetvelocityandnozzleangleandmaybe calculatedfromequation(19).
Figure14 showsthepointof impactofthejetonthebucketthroughout
themaximumcatapultingdistanceforthecaseofthefacilityundercon-
sideration.Thiscurvefurnishesthevertical-jet-displacementinfor-
mationnecessaryforthisparticularbucketdesign.Thelateraljet
displacementcausedby sidewindbecomesof significancewhenthe
catapultingdistancessrelongandwhenthecatapultsystemisnot
protectedfromthewind. Figure15 showsa ty@.calIateral-displacaent
curvefora jetof givendtiensions.Themathematicaltreatmentofthis
problemhasbeendiscussedinthesectionentitled“Mathematical
Development”(seeequation(!21)).

Figure16 showsseveralviewsofa modelbucketsodesigned.asto
includeallthediscusseddesignconditions.Thevariationinefficiency
ofthisbucketdueto lateraldisplacementandva@ationinjetlength

of a &inch jetareshowninfigure17. Thesecurvesindicatethata
properlydesignedbucketwillhavean efficiencyrangeof78to 98per-
cent,dependinguponwherethejetstrikesthebucket.Theaveragejet-
bucketlossisconsideredtobe 15percent.

Themorerefinedbucketdesignshownin figure18makesuseof an
elliptical-cross-sectionalconeratherthanthecircular-cross-sectional
cone.Thisbucketresultedin someweightsav~.alongwithproducing
a morecompactbucket.Althoughno efficiencytestsweremadeonthis
bucket,itwasfoundto giveverysatisfactoryresultswhenusedina
workingmodel.

Somecaremustbe usedintheselectionofthematerialtobe used
forconstructingthebucket.Theexperiencegainedintheconstruction
of impulse-turbinebucketsisavailableforthispurpose.Reference6
statesthatthematerialusedforhigh-headbucketsiscaststeel,the
mediumgradesofcarbonsteelbeingpreferred.Eeat-treated.aUoysteel
isusedto a ltiitedextentbutthepracticalprobleminconnectionwith
thismaterialisthedifficultyinheattreatmentfollowingfieldrepairs
by welding.An increaseinbucketlifehasbeensecuredby thelayer
weldingof 18-8chrome-nickelstainlesssteelorotherhardfacingsin
thebucketbowlswhichareafterwardgroundsmoothto trueshape.The
probabilityof fatiguefailureoccurringinthepropulsion-systembucket
isverysmallduetotheintermittentusageexpectedofthecatapult.
Consequently,a higherdesignstresscanbe usedinthisbucketthanin
thecaseofthe@ulse-turbinebucketwheretheprobabilityof fatigue
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failureoccurringismuchgreaterduetothecontinuousoperationofthe
turhine. Itisalsoexpected,becauseofthislowfrequencyof catapult
operation,thatthepossibilityofdsmagedueto cavitationoccurring

smalland,hence,-canbe neglected.

ADDITIONALDESIGNPROBLEMS

Onedesignproblathathasnotbeenpreviouslymentionedisthat
of controllingtheflowofwaterleavingthebucket.Thewaterreturned
by thebucketpossessesa largeamountofpowerthatcouldbedamaging
tothepressuretankfoundationsandtrackinstallationsandinjurious
topersonnel.Figure19 showshow%hisreturn-watervelocityvaries
overthecatapultingdistance.Thecurveshowsthatthereturn-water
velocityvariesfrompracticallyinitialjetvelocityatthestartto
aboutone-thirdthejetvelocityattheendofthecatapultingdistance.
A practicalwayto disposeofthisreturnjetisto inserta shallow
return-watertankbetweenthetracks.A systemofraisedlateral
louversisplacedoverthistank. Thebucketshouldbe sodesigned
thatthereturnwaterisconcentratedanddirectedthroughtheselouvers
andintothetankasthecarriagemovesthroughthecatapultingdistance.
Thereturn-waterener~ isdissipatedinthistankwhereuponthewater
becomesavailablefor’re-useinthesystem.

.
Thedesignofthewatertankmustbe givencsrefulconsideration.

Ithasbeenshownpreviouslythattheintegrityoflong-rangejets
dependsuponsymmetrical.inflowtothenozzleandtheavoidanceof
dissolmdairinthewaterunderhighpressure.Thewatertank,there-
fore,mustbe sodesignedthattheseconditionsaremet. Figure1 shows
a tankdesignthatmeetstheseconditions.Thewatertankismadeup
ofa verticalcylinderjoinedbymeansof a 90°elbowto a horizontal
cylinder.TheexhemeendofthehorizontaltankcontainsthepotentisJ.-
flownozzlealongwitha transitionsectionbetweentheupstresmnozzle
faceandtheinteriortankWSU. Theupperendoftheverticaltank
containstheconnectionleadingtothehigh-pressureairsupplyalong
witha diffuserto distributethisairequal~acrossthewatersurface
ofthetank. Theflowofwaterthroughthenozzleiscontrolledby
meansofa quickopeningandclosingvalveplacedoutsideandoverthe
endofthenozzle.Theairflowintothewatertankiscontrolledby
a valvelocatedbetweentheairdiffuserandthepipeleadingfromthe
airtank.

Symmetricalinflowtothenozzleisachievedprimarilybymaking
thehorizontaltankandverticaltankof suchvolumethatallthewater
dischargedis initiallylocateddownstresnfromtheelbow.Withthis
arrangement,noneofthewaterthatpassesthroughtheelbowduringa

.
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catapultstrokeeverreachesthenozzle.Tominimizetheturbulence
generatedinthewaterinpassingthroughthiselbow,turningvanes
shouldbe provided.By usinga largecontractionratio(ratiooftamk
cross-sectionalareato nozzlearea),thevelocityofwaterflowthrough
thetankisheldto a lowvalueascomparedwiththewaterflowthrough
thenozzle.Thus,theturbulenceofthewaterupstreamfromthenozzle
isheldto a mintium.Thiswatertankcanbe operatedin sucha manner
astominimizetheproblemof dissolvedairby ventingthewatertank
to atmosphericpressureuntilimmediatelybeforea catapultstrokewhen
thehigh-pressureairwillbe admittedto thetank.

CONCLUDINGREMARTIS

Fkomthestudiesreportedthehydraulicjetcatapultappearstobe
satisfactoryforacceleratinga 100,000-~undcarto 150milesperhour
andtobe cheaperthantheothertypesconsidered.Wdel testsandother
informationindicatethata satisfactoryjetshouldbe obtainedoverthe
indicateddesigncatapultingdistanceof &OOfeet. Designrequirements,
suchas provisionoftanksandvalvesto operateat therequiredpressure$
preventionof erosionandcorrosioninthenozzleandbucket,controlof
thereturn-waterjet,sndsoforth,offerproblems;butitappearsthat
theseproblemscsnbe handled.

~

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteefor.Aeronautics,

LangleyField,Vs.,January17,1951.
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Figure11.- Sketchesofbucketsusedinpreliminarytestsof jet-catapult
returnbucket.
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Figure17.- Variationof returnefficiencywithjetlengthandwithlateral
jetdisplacementof circular-cross-sectionconicalreturnbucket.
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